Abstract-In this paper, we present a novel design of large-area photoconductive emitters which incorporates plasmonic contact electrodes to offer significantly higher optical-to-terahertz conversion efficiencies compared with conventional designs. Use of plasmonic contact electrodes enables a more efficient separation and acceleration of photocarriers, enhancing the effective dipole moment induced within the device active area in response to an incident optical pump. At an optical pump power level of 240 mW, we demonstrate broadband, pulsed terahertz radiation with radiation power levels as high as 3.8 mW over the 0.1-5-THz frequency range, exhibiting an order of magnitude higher optical-to-terahertz conversion efficiency compared with conventional designs.
field. The acceleration and separation of photo-carriers induce a time-varying dipole moment within the device active area which generates terahertz radiation. Large-area photoconductive emitters can offer high-power terahertz radiation because of their capacity to handle relatively high optical powers without suffering from the carrier screening effect and thermal breakdown. Additionally, the capability of large-area photoconductive emitters in offering broadband terahertz radiation is due to the fact that terahertz radiation is generated by time-varying dipole moments induced within the device active area with dipole lengths much smaller than terahertz radiation wavelength. Despite their great promise for generating high power pulsed terahertz radiation, the optical-to-terahertz conversion efficiency of conventional large area photoconductive emitters is limited by the weak effective dipole moments induced within the device active area. This is mainly due to carrier scattering inside the semiconductor substrate, limiting the carrier acceleration and transport velocity.
To address the optical-to-terahertz conversion efficiency limitation of large area photoconductive emitters, we present a novel design based on plasmonic contact electrodes. Plasmonic contact electrodes have proven to be very effective in enhancing the optical-to-terahertz conversion efficiency of photoconductive antennas by reducing the transport path length of the photocarriers to the device contact electrodes [28] - [37] . By incorporating plasmonic contact electrodes in large-area photoconductive emitters, most of the photocarriers are generated in close proximity to the contact electrodes. Therefore, the majority of the photocarriers are drifted to the contact electrodes within a subpicosecond time-scale. Since the contact electrodes accommodate photocurrent propagation velocities much higher than that of semiconductor substrates, a much stronger time-varying dipole moment is induced in response to an incident optical pump and, thus, a greatly enhanced optical-to-terahertz conversion efficiency is achieved compared with conventional large-area photoconductive emitters. We experimentally demonstrate that much higher optical-to-terahertz conversion efficiencies and higher terahertz power levels are achieved by use of plasmonic contact electrode gratings [23] . We demonstrate broadband, pulsed terahertz radiation with radiation power levels as high as 3.8 mW at an optical pump power level of 240 mW over the 0.1-5-THz frequency range.
II. DEVICE ARCHITECTURE
A schematic diagram of the presented large-area plasmonic photoconductive emitter is shown in Fig. 1(a) . The device is fabricated on a GaAs substrate and has an active area of 1 1 mm 2156-342X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. comprised of a set of interdigitated bias lines. Arrays of plasmonic contact electrode gratings are connected to anode bias lines of the photoconductive emitter within every other gap between the anode and cathode bias lines. The other gaps between the anode and cathode bias lines are shadowed by a second metal layer deposited on top of a Si N antireflection coating to block light transmission into the GaAs substrate and induce uni-directional dipole moment in the substrate [25] . Dimensions of the plasmonic contact electrode gratings and thickness of the Si N antireflection coating are chosen to transmit the majority of the incident optical pump photons through the plasmonic gratings into the GaAs substrate [38] . A finite-element solver (COMSOL) is used to analyze the interaction of a TM-polarized optical beam with the designed plasmonic gratings. The analysis shows that use of Au gratings with a 200-nm periodicity, 100-nm metal width, and 50-nm metal height and a 350-nm-thick Si N antireflection coating offers 79% optical transmission into the GaAs substrate at 800-nm pump wavelength [ Fig. 1(b) ].
Since transmission of the incident optical pump into the GaAs substrate is through excitation of surface plasmon waves and through 100-nm gaps between the plasmonic grating fingers, a large portion of the photocarriers is generated in close proximity to the plasmonic gratings [28] , [29] . Therefore, a large portion of the photo-generated electrons is drifted to the plasmonic gratings (anode contact electrodes) in a subpicosecond timescale and radiate through effective Hertzian dipoles formed by the plasmonic gratings. In order to achieve a broad radiation bandwidth and prevent destructive photocurrent interference along the plasmonic gratings, the length of the plasmonic gratings is selected to be much shorter than the effective terahertz radiation wavelength. It should be noted that the photocurrent propagation velocity along plasmonic gratings is not limited by the carrier scattering inside the semiconductor substrate lattice. Therefore, the Hertzian dipole antennas formed by the plasmonic gratings offer significantly higher radiation resistance and better impedance matching to free space compared with the radiating dipoles induced within the semiconductor substrate of conventional large area photoconductive emitters [16] , [39] .
Prototypes of large area plasmonic photoconductive emitters are fabricated and characterized to show the key role of plasmonic contact electrodes in offering high power terahertz radiation with significantly enhanced optical-to-terahertz conversion efficiencies. Plasmonic grating lengths of 5 and 10 m are chosen for the fabricated device prototypes to demonstrate the impact of the grating length on terahertz radiation bandwidth and efficiency. A gap of 3 m is chosen between the tip of the anode contact electrode gratings and the cathode contact electrodes in all device prototypes. This will limit the operation of all device prototypes to the same breakdown bias voltage levels.
A. Device Fabrication
The prototypes of large-area plasmonic photoconductive emitters are fabricated on semi-insulating (SI) and low-temperature grown (LT) GaAs substrates. The fabrication process begins with patterning the plasmonic contact electrodes using electron-beam lithography, followed by 5/45 nm Ti/Au deposition and liftoff. An optical lithography step with a bi-layer photoresist is used to pattern the bias lines, which is followed by 50/550 nm Ti/Au deposition and liftoff. The 350 nm Si N anti-reflection coating is deposited using plasma-enhanced chemical vapor deposition (PECVD). The shadow metals are patterned through optical lithography, followed by 10/90 nm Ti/Au deposition and liftoff. The contact vias are patterned using optical lithography and opened by etching the Si N layer using reactive ion etching (RIE). Finally, the device prototypes are mounted on hyper-hemispherical silicon lenses and placed on an optical rotation mount to adjust the polarization of the optical pump with respect to the plasmonic gratings. Fig. 2 shows the scanning electron microscope (SEM) images of a fabricated large area plasmonic photoconductive emitter prototype with a 5-m plasmonic grating length [ Fig. 2(a) ] and the plasmonic contact electrode gratings incorporated inside the device active area [ Fig. 2(b) ]. 
B. Device Characterization
Terahertz radiation from the large-area plasmonic photoconductive emitter prototypes is characterized in response to an optical pump beam from a Ti:sapphire mode-locked laser at 800-nm wavelength, with a repetition rate of 76 MHz and a pulse width of 200 fs. Spot size of the optical pump beam is adjusted to 600 m to illuminate the entire device active area, and polarization of the optical pump beam is set to be normal to the plasmonic contact electrode gratings. A calibrated pyroelectric detector (Spectrum Detector, Inc. SPI-A-65 THz) is used to measure the radiated power from the fabricated largearea plasmonic photoconductive emitter prototypes as a function of the bias voltage and optical pump power [40] . In order to quantify potential contribution of thermal power to the measured terahertz power levels by the pyroelectric detector, power measurements are repeated under a continuouswave optical pump beam at 800-nm wavelength. Comparisons between the measured power levels under continuous-wave and mode-locked pump beams indicate that thermal power constitutes a negligible portion (less than 1%) of the measured terahertz power by the pyroelectric detector. Fig. 3 shows the impact of the plasmonic grating length and device substrate on the performance of the large-area plasmonic photoconductive emitter prototypes. Measured photocurrent of the large-area plasmonic photoconductive emitters with 5 and 10-m plasmonic grating lengths fabricated on the SI-GaAs substrate is shown in Fig. 3(a) . At low optical pump powers and low bias voltage levels, the emitter prototype with 5-m plasmonic grating length exhibits higher photocurrent levels compared with the emitter prototype with 10-m plasmonic grating length. This is because of a larger bias electric field reduction along the 10-m-long plasmonic gratings in comparison with the 5-m-long plasmonic gratings. Increasing the bias voltage level compensates the bias electric field reduction along the 10-m-long plasmonic gratings, leading to a smaller difference between the photocurrent of the emitters with 5 and 10-m plasmonic grating lengths. While the bias electric field reduction along the 10-m-long plasmonic gratings becomes less effective as the bias voltage is increased further, the emitter prototype with 10-m plasmonic grating length starts exhibiting higher photocurrent levels compared to the emitter prototype with 5-m plasmonic grating length. This trend, which is more obvious at higher optical pump power levels, is due to the fact that the shadowed area in the emitter with 10-m plasmonic grating length covers a smaller portion of the whole device area compared with the emitter with 5-m plasmonic grating length. Therefore, a larger number of photocarriers is generated within the active area of the emitter with 10-m plasmonic grating length, leading to higher photocurrent levels under sufficient bias electric field levels. The radiated power from the large area plasmonic photoconductive emitters with 5-and 10-m plasmonic grating lengths fabricated on the SI-GaAs substrate is shown in Fig. 3(b) . At lower optical pump power levels and sufficient bias voltage levels, the emitter with 10-m plasmonic grating length offers higher radiation power levels compared with the emitter with 5-m plasmonic grating length. This is predicted since a larger number of photocarriers contributes to terahertz radiation when a smaller portion of the device active area is shadowed. At higher optical pump power levels, the emitter with 10-m plasmonic grating length becomes less efficient in offering higher radiation power levels. This is because the emitter with 10-m plasmonic grating length is more susceptible to suffer from the carrier screening effect compared with the emitter with 5-m plasmonic grating length. At an optical pump power of 240 mW and bias voltage of 18 V, both large-area plasmonic photoconductive emitters with 5-and 10-m plasmonic grating lengths offer 3.8 mW of terahertz radiation power. This is the highest reported terahertz radiation power from large-area photoconductive emitters with one order of magnitude enhancement in optical-to-terahertz conversion efficiency compared to conventional designs [23] .
Measured photocurrent of the large area plasmonic photoconductive emitters with 5-m plasmonic grating length fabricated on the SI-GaAs and LT-GaAs substrates is shown in Fig. 3(c) . As expected, the emitter fabricated on the LT-GaAs substrate exhibits smaller photocurrent levels compared to the emitter fabricated on the SI-GaAs substrate due to shorter carrier lifetime of excess carriers in the LT-GaAs substrate [41] . It should be noted that Fig. 3(c) shows the dc photocurrent levels of the emitter prototypes fabricated on the SI-GaAs and LT-GaAs substrates. Therefore, it cannot be directly used to predict the radiated terahertz power of the emitter prototypes, especially since the lifetime of the photocarriers is considerably different in the SI-GaAs and LT-GaAs substrates. In fact, the dominant portion of the generated terahertz radiation from the presented large-area plasmonic photoconductive emitters is the result of the photocarriers generated in close proximity to the plasmonic contact electrodes, which are drifted to the plasmonic contact electrodes within a fraction of the oscillation period of the terahertz radiation. Therefore, since the concentration of the photocarriers is the same within the active area of the plasmonic emitters fabricated on the SI-GaAs and LT-GaAs substrates and since higher carrier mobility levels are accommodated in the SI-GaAs substrate compared to the LT-GaAs substrate, a larger number of photocarriers is drifted to the plasmonic contact electrodes within a fraction of the oscillation period of the terahertz radiation. Therefore, higher radiation power levels are offered by the emitter prototypes fabricated on the SI-GaAs substrate [ Fig. 3(d) ].
The radiated electric field from the fabricated large-area plasmonic photoconductive emitters is measured in a time-domain terahertz spectroscopy setup with electro-optic detection in a 1-mm ZnTe crystal. For this measurement, all of the fabricated emitters are characterized at 18-V bias voltage and 150-mW optical pump power. The radiated electric field in the time domain and the radiated power in the frequency domain for the large-area plasmonic photoconductive emitters with 5-and 10-m plasmonic grating lengths fabricated on the SI-GaAs substrate are shown in Fig. 4(a) and (b) , respectively.
At lower frequencies 1 THz , the emitter with 10-m plasmonic grating length radiates higher terahertz power levels compared to the emitter with 5-m plasmonic grating length. This is because a larger number of photocarriers is generated in close proximity to the plasmonic gratings of the emitter with 10-m plasmonic grating length since a smaller portion of the device active area is shadowed. Therefore, a larger number of photocarriers is drifted to the plasmonic contact electrodes within a fraction of the oscillation period of the terahertz radiation. The number of the photocarriers drifted to the plasmonic contact electrodes of the emitter with 10-m plasmonic grating length within a fraction of the oscillation period of the terahertz radiation is not larger than that of the emitter with 5-m plasmonic grating length at higher terahertz frequencies. This is because the emitter with 10-m plasmonic grating length is more susceptible to suffer from the carrier screening effect and bias electric field reduction along the plasmonic gratings, which prevent ultrafast drift of the photocarriers to the plasmonic contact electrodes. Therefore, the emitter with 5-m plasmonic grating length offers higher radiation power levels compared to the emitter with 10-m plasmonic grating length at higher frequencies 1 THz . It should be noted that the higher terahertz radiation power levels offered by the emitter with 10-m grating length within 3-4 THz is due to the resonant behavior of the 10-m-long plasmonic gratings, which behave like quarter-wave monopole antennas in this frequency range.
The radiated electric field in the time domain and the radiated power in the frequency domain for the large-area plasmonic photoconductive emitters with 5-m plasmonic grating length fabricated on the SI-GaAs and LT-GaAs substrates are shown in Fig. 4(c) and (d) , respectively. At lower frequencies 1 THz , the emitter fabricated on the SI-GaAs substrate radiates higher terahertz power levels compared with the emitter fabricated on the LT-GaAs substrate. This is because of the lower excess carrier recombination rates and higher carrier mobility levels in the SI-GaAs substrate compared with the LT-GaAs substrate, which result in a larger number of drifted photocarriers to the plasmonic contact electrodes of the emitter fabricated on the SI-GaAs substrate within a fraction of the oscillation period of the terahertz radiation. Despite the larger excess carrier recombination rates and lower carrier mobility levels in the LT-GaAs substrate, the emitter fabricated on the LT-GaAs substrate offers higher terahertz radiation power levels compared to the emitter fabricated on the SI-GaAs at higher frequencies 1 THz . This is because of a stronger carrier screening effect in the emitter fabricated on the SI-GaAs substrate, which results in a more severe reduction in the photocarrier drift velocity and device quantum efficiency at high frequencies.
It should be noted that the use of ZnTe in the utilized time-domain terahertz spectroscopy setup introduces significant terahertz signal attenuation at frequencies above 3 THz. Therefore, the actual radiation spectrum of the fabricated large area plasmonic photoconductive emitters is broader than that shown in Fig. 4(b) and (d) .
III. CONCLUSION
In summary, a novel large-area photoconductive terahertz emitter based on plasmonic contact electrode gratings is presented. Incorporating plasmonic contact electrodes within the device active area offers significantly stronger time-varying dipole moments in response to an incident optical pump. Therefore, greatly enhanced optical-to-terahertz conversion efficiencies are achieved compared to conventional large area photoconductive emitters. In order to evaluate the impact of plasmonic contact electrodes on the performance of large-area plasmonic photoconductive emitters, a comprehensive characterization of device performance and its relation to the plasmonic electrode geometry and device substrate properties is presented. We demonstrate broadband, pulsed terahertz radiation with radiation power levels as high 3.8 mW at an optical pump power of 240 mW (1.6% optical-to-terahertz conversion efficiency) over the 0.1-5-THz frequency range. This is the highest reported terahertz radiation power from large area photoconductive emitters with one order of magnitude enhancement in optical-to-terahertz conversion efficiency compared to conventional designs. Moreover, the optical-to-terahertz conversion efficiency and the maximum radiated power from large area plasmonic photoconductive emitters can be further enhanced by use of larger device active areas and by use of high-aspect ratio plasmonic contact electrodes embedded inside the photo-absorbing substrate [30] , [42] . Therefore, the presented large area plasmonic photoconductive emitter could have a significant impact on the scope and potential use of future time-domain terahertz spectroscopy systems. 
